We show how a novel fine-tuning problem present in the Standard Model can be solved through the introduction of a single flavour symmetry G, together with three Q = −1/3 quarks, three Q = 2/3 quarks, as well as a complex singlet scalar. The symmetry G is extended to the additional fields and it is an exact symmetry of the Lagrangian, only spontaneously broken by the vacuum. Specific examples are given and a phenomenological analysis of the main features of the model is presented. It is shown that even for vectorlike quarks with masses accessible at the LHC, one can have realistic quark masses and mixing, while respecting the strict constraints on process arising from flavour changing neutral currents (FCNC). The vector-like quark decay channels are also described.
Introduction
In the framework of the Standard Model (SM), the Brout-Englert-Higgs mechanism is responsible not only for the breaking of the gauge symmetry but also for the generation of fermion masses, through the Yukawa interactions of the scalar doublet with quarks and leptons. Understanding the observed pattern of fermion masses and mixing remains a fundamental open question in Particle Physics. On the experimental side, there has been great progress and at present the moduli of the Cabibbo Kobayashi Maskawa (CKM) matrix, V CKM , are reasonably well known [1] [2] [3] with clear evidence that the mixing matrix is non-trivially complex, even if one allows for the presence of New Physics (NP) beyond the SM [4] [5] [6] . The discovery of the Higgs particle at LHC [7, 8] renders specially important the measurement of the Higgs couplings to quarks and charged leptons. The strength of these couplings is fixed within the SM, but at present we have a poor knowledge of their actual value.
Recently, it has been pointed out [9] that there is a novel fine-tuning problem in the SM. Contrary to conventional wisdom, in the SM without extra flavour symmetries, quark mixing is naturally large, in spite of the large quark mass hierarchy. In fact, even in the extreme chiral limit, where only the third family acquires mass, mixing is meaningful, and in general of order one. It is possible to solve this fine-tuning problem through the introduction of a simple flavour symmetry which leads to V CKM = 1I. The challenge is then to achieve quark mixing and masses for the first two generations.
In this paper we face this challenge and put forward a framework where a flavour symmetry leads to V CKM = 1I in leading order, with light quark masses and mixing being generated by the presence of vector-like quarks (VlQ). We introduce three uptype VlQ and three down-type VlQ and derive effective mass squared Hermitian mass matrices for the standard quarks. In this framework one finds a natural explanation why |V 13 | 2 + |V 23 | 2 is very small, while allowing for an adequate Cabibbo mixing. In this model there are Z-mediated and Higgs-mediated Flavour Changing Neutral Currents (FCNC) which are naturally suppressed. The VlQs can have masses of the order of one TeV which are at the reach of the second run of LHC [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . At this stage, it is worth emphasising that VlQs have been extensively studied in the literature and arise in a variety of frameworks, including E6 GUTS, models with extra-dimensions, models providing solutions to the strong CP problem without axions, etc. It has also been pointed out [49] that non-supersymmetric extensions of the SM with VlQs can achieve unification of gauge couplings.
The paper is organised as follows: in the next section we briefly review a novel finetuning problem of the Standard Model and illustrate how it can be solved through the addition of a flavour symmetry. In section 3, we show how a realistic quark mass spectrum and pattern of mixing can be generated through the introduction of vector-like quarks and a complex scalar singlet. In section 4 we give specific examples examining the constraints arising from various FCNC processes and describing the vector-like quark decay channels. Finally, our conclusions are presented in section 5. Recently, it has been pointed out [9] that in the SM there is a novel fine-tuning problem which stems from the fact that the natural value of |V 13 | 2 + |V 23 | 2 is of order one in the SM, to be compared to the experimental value of 1.6 × 10 −3 . In order to obtain this result, one can examine the extreme chiral limit where only the third family of quarks has mass while all other quarks are massless. In this limit, the general quark mass matrices can be written
where
L,R are arbitrary unitary matrices. The quark mixing matrix is then
Using the freedom to redefine the quark fields of the massless quarks through two-by-two unitary matrices one can show that the quark mixing can be described by an orthogonal two-by-two rotation connecting only the (c, t) and (s, b) quarks. This angle is arbitrary and expected to be of order one.
A Flavour Symmetry Leading to Small Mixing
Let us consider the SM and introduce the following symmetry:
where the Q 
and this symmetry leads to the following pattern of texture zeros for the Yukawa couplings:
which lead to V CKM equal to the identity with only one non-zero quark mass in each charge sector. 
here the index i runs from 1 to 3, as in the SM, while the indices α and β cover all right-handed quark singlets of the down and up sector, respectively. The following generic bare mass terms must also be introduced in the Lagrangian:
here the indices j and k run over all left-handed vectorial quarks in each sector. As mentioned before, in all examples that follow i, j and k run from 1 to 3 and therefore α and β run from 1 to 6 (obviously
). In what follows we extend the discrete flavour symmetry introduced in subsection 2.2 and we introduce a complex scalar singlet S. This scalar singlet will couple to the quark singlets in the following way:
We assume that the modulus of the vacuum expectation value of the field S is of an order of magnitude higher than the electroweak scale. After spontaneous symmetry breaking the following mass terms are generated:
These terms can be written in a more compact form, as:
with 6 × 6 mass matrices, M d and M u , denoted as:
3.1
Structure of Charged and Neutral currents
The matrices M d and M u will be diagonalised through the following unitary transformations:
where A dL , B dL , A uL and B uL are 3 × 6 matrices; the matrices
and (u R ) stand for the components of the six down and six up mass eigenstate quarks. Unitarity implies that
with similar relations for the up-type matrices. The charged currents are given by:
with V = A † uL A dL . The couplings of the Z boson are of the form:
with
After spontaneous symmetry breaking, Eqs. (5), (6) and (7) give rise to the physical quark masses, which together with the couplings to the SM-like Higgs can be denoted as:
where h is the Higgs field, v is the vacuum expectation value of the neutral component of the Higgs doublet and G + and G 0 are the would-be Goldstone bosons, D d and D u are the six by six diagonal quark mass matrices.
Extension of the symmetry to the full Lagrangian
In the fermion sector, as mentioned above, we introduce three down-type and three up-type vector-like quarks. In the scalar sector, in addition to the standard Higgs, we introduce a complex scalar S. We extend the symmetry to the full Lagrangian, with the new fields transforming in the following way under the family symmetry:
together with the transformations for the standard-like quarks specified in Eq. (2). The singlet scalar S is introduced in order to be able to obtain realistic quark masses and mixing, without breaking the symmetry at the Lagrangian level. An alternative option would be to softly break the symmetry through the introduction of bare mass terms for the heavy fermions. Since the symmetry would be only softly broken, the model would maintain its renormalizability. We find it more appealing to have the symmetry exact, at the Lagrangian level. We assume that the scale of spontaneous symmetry breaking of the S fields is higher than the electroweak scale. Table 1 and Table 2 summarise the information on the combination of the different fermionic charges and allow to infer what is the pattern of the mass matrices. The first three rows come from Yukawa terms of the form given by Eq. (5) and therefore are only allowed when the fermionic charge cancels the one coming from the scalar doublet. In these cases we write this charge explicitly. In the forbidden terms we put a bullet sign. The last three rows come from bare mass terms of the form given by Eq. (6) or else from couplings to the field S. We denote with 1 the entries corresponding to allowed bare mass terms and by the fermionic charges those terms that allow coupling to either S or S * . Again we use bullets for the forbidden terms. The introduction of these singlet scalar field provides a rationale for the choice of terms that would otherwise softly break the symmetry and would look arbitrary.
Effective Hermitian squared mass matrix
The 6 × 6 mass matrices
where 
−2τ
where K, R, S, T are 3 × 3 matrices. For simplicity, we drop the indices d, and u. In Appendix A we show that the deviations of the unitarity of the matrix K are naturally small:
and
The matrices K d , K u can be evaluated from an effective Hermitian squared matrix H ef f through:
The derivation of H ef f is given in Appendix A. 
Realistic Examples
Following the notation in Eq. (10) we present one full realistic example; mass matrices are given at the M Z scale in units of GeV. Among the matrices coming from electroweak symmetry breaking we have (i) the mass matrices that connect light (ordinary) quarks among themselves m d and m u ; they should contain the dominant contributions to the b and t quarks masses -allowed by the symmetry in Eq. (2) -
and (ii) the upper right off-diagonal blocks of the quark mass matrices that read 
The scale of the matrices in Eqs. (27) , (28) and (29) is, for most entries similar or higher than the electroweak scale: the off-diagonal matrices being always smaller than the heavy mass matrix sectors in order to be the responsible of giving mass to the light quark masses and generating the CKM mixing. Following the standard diagonalization of M d and M u the quark mass spectrum (in GeV at the
It is clear that the light masses agree with the light masses of the SM [50, 51] . From the diagonalization of M d and M u we also obtain the non unitary 6 × 6 CKM matrix V . Its moduli are given by 
and the arguments of its matrix elements are given in leading order by 2. It is remarkable that all the moduli -except |V tb |-of the 3 × 3 light sector of V agree with the SM fitted values within 1.5σ, in fact most are within 1σ.
3. A very important difference is in the element |V tb | that is incompatible with the SM value. Disentangling this value from the SM one is certainly an experimental challenge for single top production.
4. Looking at the four independent phases that can be defined in the 3 × 3 light sector β, γ, β s and χ ′ -related to the phases of V td , V ub , V ts and V us , see references [35, 52] -we cannot find any relevant difference among the phases of this example and the phases of the SM. We get in our model: In summary, the CKM sector of our mixing matrix V reproduces very well the SM case except for a minor but definite deviation in V tb at the 1% level.
The FCNC structure
In spite of the great similarity between the 3×3 sector of our mixing matrix V and the SM CKM matrix, we know that in this model we will have FCNC at tree level both in the up and in the down sectors. Of course we expect to have these FCNC highly suppressed, but to check these expectations we present the matrices that control these sb cannot be too large. But as we can see they are well below (two to three orders of magnitude) the values from previous analyses [32, 33] that avoid conflicting with meson mixing constraints. The bottom line is that the 3 × 3 light sector of |W d | is very well approximated by 1I 3×3 .
But this is not the end of the story. We have now an enlarged 6×6 CKM matrix V with elements connecting light and heavy quarks of order 10 −3 to 10 −4 . These matrix elements enter into the loops that generate FCNC with heavy quarks running inside the loop and with several Inami-Lim (IL) functions [53] growing with the square of the heavy quark masses. So, a priori, one has to check that the product of these heavy masses with these suppressed couplings does not spoil the great success of the SM in FCNC processes. At this point it is worthwhile recalling that we have fixed our model with vectorial quarks by demanding that a particular texture mass structure, imposed by symmetries, should reproduce the light quark masses and the dominant CKM mixing matrix. On the other hand, the symmetry does not impose any constraint on the product of heavy masses square and mixing between light and heavy fermions. Therefore we should check the relevant constraints.
Loop FCNC constraints
In general the structure of FCNC at one loop level in this model can be quite involved. But, as we have seen, the tree level flavour changing coupling are very much suppressed. So let us comment on the different processes where, as we will see, tree level FCNC contributions can be safety neglected: 3. When the tree level FCNC are small, Barenboim and Botella [54] showed that the leading NP contribution to meson mixing, induced by this FCNC enters at order α em W d ds V * td V ts , to be compared with α em (V * td V ts ) 2 . So, in our example, these contributions are at most of order 10 −4 . Again, we can neglect these contributions.
Taking into account the previous considerations, we can analyze all the ∆F = 1, 2 processes neglecting the tree level FCNC effects.
∆F = 2 pure loop constraints
The neutral meson mixing is therefore dominated by the box diagrams that generalize the SM one, with all species of heavy quarks plus the top and the charm quarks -or the bottom and the strange quarks for D 0 − D 0 mixing -running inside the loop 6 . If we define as usual λ a′ = V * aq ′ V aq -for mesons with down quarks -, the dominant corrections to the mixing (M 12 )′ of the meson with quark content (qq ′ ), with respect 6 Note that in the SM, the Inami-Lim function that appears in the box runs for c and t quarks after using unitarity 3 × 3. In our case we have for the kaon system, for example, to the SM box diagram with internal top quarks, can be written as:
where S (x t ) , S (x U i , x t ) are the IL functions defined as in [52] and
2 . In our case we have for the first and second corrections in the kaon system
Including the charm and the leading QCD corrections, and defining the corrections with respect the SM,
we get for the
We conclude that these kinds of models are compatible with the actual analysis beyond the SM, but they can have sizeable effects. For example this model does not modify ∆M B d /∆M Bs but can give 12% corrections to ∆M B d and ∆M Bs . Furthermore, ǫ K can have 12% corrections.
∆F = 1 pure loop constraints
In these processes -for example q → q ′ µµ -the corrections to the top dominated SM amplitudes (when necessary charm has to be taken into account) are given by
The IL functions Y (x U i ) grow with the square of the quark mass
This fact, apparently, will make the second term more relevant than the corresponding one in ∆F = 2 processes: here there is only a λ
are very small -the new quarks are singlets under SU (2) L -, therefore the last term has a piece enforcing decoupling and cancelling partially the second piece 7 . For more details one can see references [55] [56] [57] [58] [59] . A similar structure appears in q → q ′ νν. If we define, as in the ∆F = 2 processes, the deviation from the SM model
Some of these predictions can be definitely excluded or verified very soon by the LHC experiments.
We also have analyzed other loop mediated processes and, for example, we get for the oblique corrections 
The heavy vector-like quark decay channels
In our model the new heavy quarks decay mainly throughout charged or neutral currents. The decays can be characterized by Q j → q i B. where Q j = U j , D j , is the new heavy fermion, B = Z, h, W ± and q i the final state fermion, namely u, c, t, d, s or b. The different partial decay widths can be written as
and X
and finally,
where the last two relations are valid when
Detailed formulas are included in Appendix B. In this regime, to a very good approximation [25] , 
for q i and q 2 . Therefore we also have
Although many searches for new heavy quarks assume Γ (
, the later is unjustified and the total Q j decay width can be distributed among the decay channels to different generations while the 1 : 1 : 2 pattern of branching ratios " per generation" is maintained [30] . This fact happens in the present model and we show in Tables 3 and 4 the dominant decay channels of the heavy quarks.
For example, D 1 -the lightest of the heavy vector-like quarks in this model -has around 20% of its branching ratio to decay channels in the third generation and some 80% decaying to the second generation (Zs, hs, W c). These are not the most common ways of searching for this down type vector-like quarks although the different results by ATLAS and CMS can be adapted. Note that neither the decay to the third family is the dominant one nor there is a unique family entering in the dominant decay products. Similar patterns appear in D 2 decays. As far as the up vector-like quarks are concerned the lightest U 1 decays dominantly to the third family while the other (heavier) two decay to the second family.
Other examples
We have presented a paradigmatic example to show that it is possible and even relatively easy to accomplish our goal. Indeed, in our example the light quark masses and CKM mixing are generated from the couplings of ordinary quarks to the new heavy vector-like quarks, keeping the extended symmetry that explains why to first order the CKM matrix is the identity. In addition, we predict in the flavour electroweak phenomenology many deviations from the SM, some of them at 2σ level or more. Note that we have also a definite deviation of 3 × 3 unitarity, albeit very difficult to disentangle experimentally: |V tb | ∼ 0.9877. Also we have six new heavy quarks that can be seen at LHC, some of them with very peculiar characteristic decays. From the present example, one can get the wrong impression that if these new quarks are not discovered at the LHC and if the different deviations predicted in the flavour and electroweak sectors are not established, the main ideas of this paper are no longer relevant. This is not the case. On the contrary, we will show that there are many additional solutions which, without spoiling the main characteristics of the low mass sector, have the feature that New Physics effects smoothly decouple in the low energy phenomenology. In order to see how this decoupling arises, let us consider Eq. (10) and label our explicit example in Eqs. (25) to (29) with a superscript "(1)", i.e., the matrices in Eqs. (25) to (29) are
Let us construct a second solution, labelled "(2)" that differ by the real numbers ρ d and ρ u :
Now, for ρ d , ρ u > 1 we obtain another solution which reproduces "essentially" the same light quark masses and mixings, while deviations from the SM decouple as ρ d and ρ u are increased. The basic equations are Eqs. (19) to (24) . Equation (24) shows that H u ef f does not change at leading order in going from M
(1)
u and so K 
u which leads to a small change in K (2) u taking it closer to unitarity. The invariance of H
ef f under the scaling in Eq. (50) is at the origin of the fact that, once we have a solution of the type presented here, we have a continuos of solutions with essentially the same light quark masses and mixing and with heavy quarks much heavier and more decoupled. It remains to check that the effects from heavy quarks running inside the loops also decouple. This can be easily seen by realizing that our CKM matrix can also be written:
From here it is evident that the submatrix R † u K d scales to ρ −1 u R † u K d and consequently we have a very simple scaling law from the up heavy sector scaling:
This scaling is sufficient -if needed -to suppress all loop induced effects. For example, in the case of ∆F = 2 processes, the first correction in Eq. (36) scales as λ
and therefore it decreases as ρ −2 u . The second correction scale as ρ −2 u ln ρ u according to the behaviour of the IL function S (x U i , x t ). Behaviour similar to the last one appear in the ∆F = 1 processes following the cancellations explained in Eq. (40) .
To be more specific we present briefly the results for a second example with M (2) u constructed with ρ u = 2 and keeping the rest of the model unchanged. For ∆F = 2 processes we get, instead of the results in Eq. (39), the following 
On average, the corrections to the SM mixing values get reduced from a 12% to some 6%. In the case of ∆F = 1 processes instead of Eq. 
In this sector, the deviation from the SM model gets reduced by a factor of 2. In this model "(2)" the deviations in these processes are at the 11% to 16% level, showing a smooth decoupling of the effects while at the same time the heavy up-type quarks get heavier masses: (m U 1 , m U 2 , m U 3 ) ∼ (2.6, 3, 4.5) TeV. As for the oblique corrections, they have the following values: ∆T = 0.11, ∆S = 0.05, ∆U = 0.004.
Finally for (|V td |, |V ts |, |V tb |) we get (0.008575, 0.040258, 0.99632) since K u deviates less from unitarity as consequence of the reduction of R † u K d by a factor of 2.
Conclusions
We have presented a simple solution to a novel fine-tuning problem present in the SM. The solution involves the introduction of a flavour symmetry G, together with vector-like quarks of Q = −1/3 and Q = 2/3 charges, as well as a complex singlet scalar. In the absence of vector-like quarks only the bottom and the top quarks acquire mass and V CKM = 1I. We have shown that in the presence of the vector-like quarks which mix with the standard quarks, a realistic quark mass spectrum can be obtained and a correct CKM matrix can generated. It is remarkable that these results are obtained in a framework where G is an exact symmetry of the Lagrangian, only spontaneously broken by the vacuum. We have presented specific realistic examples and have analysed various FCNC processes as well as the decay channels of the vectorlike quarks. It is also remarkable that in the framework of fully realistic models, some of these vector-like quarks are at the reach of the second LHC run.
or else
Let us explain the origin and validity of the relations
where the prime means that i and i ′ correspond to the same generation number, i = i ′ . For that purpose we introduce, in a self explanatory matrix notation,
where each submatrix connects the corresponding types of quarks u, U and d, D (in the present model, all four submatrices are 3 × 3). Similarly, we also introduce
Following again the notation in section 3.3 for the up and down sectors, we have
so we can write
At leading order K −1 u ∼ K † u and we get, to a high accuracy (and similarly for V uD and
From these expressions it is easy to prove that relations in Eq. (67) hold, at least for the dominant decay channel of the corresponding heavy up or down quark. The key ingredient is that V ud ∼ 1I, in Eq. (68), with corrections at most of order λ = 0.22.
